ABSTRACT
INTRODUCTION

28
Water suppliers are legally and morally responsible for the quality of drinking water 29 that issues from customers' taps, such as set out in drinking water quality standards (EU the intrusion of pollutants into the distribution system from the surrounding soil and water.
36
Leakage apertures provide a possible pathway for this. Leakage is an accepted feature of 37 distribution systems. It is realised that, due to the ageing asset infrastructure, the elimination 38 of all leakage is unlikely to be feasible or economically justifiable. In the UK, network 39 utilities can lose up to 575 million litres per day through leakage (Brydon, 2013) . Such 40 leakage is considered to occur outwards due to the pressure differential between the water in 41 the pipe and the lower pressure in the surrounding ground. Risks associated with long term 42 depressurisation, such as to fix a pipe burst, should be mitigated with good working practices. although it is estimated that the true number might be much higher due to accuracy and 61 reliability of data collection. From those 113 events, more than 21,000 cases of illness were 62 reported mostly attributed to Giardia and bacterial pathogens, including 498 hospital and 
68
Intrusion Mechanisms
69
Research and evidence exists for the three components of contaminant intrusion risk 
Equ. 1
Where Q is orifice flow rate, CD is coefficient of discharge, d0 the diameter of the leak orifice 120 (assumed to be circular) and HD the driving head. 
136
The coefficient of discharge is also commonly found to vary as a function of 137 resistance effects, including due to the orifice shape and local entry and exit conditions. including the inertial resistance, B, the orifice losses, k' and a geometric shape factor, G. 
148
AIMS
149
The main aim of this research was to experimentally quantify the volume of Table 1 ). The order of experiments was randomised and the system 205 flushed between experiments including removal of any air. Once the desired initial conditions 206 were set, the system was allowed to stabilise for at least 10 minutes before a transient was transients (see Figure 2) . The drops in the meniscus level indicated fluid flowing from the 218 outer pipe into the orifice through the surrounding media, these were considered as intrusion.
219
The cumulative drop was calculated, calibrated from an adjacent graduated scale, and then 220 multiplied by the internal area of the riser pipe to produce a total volume of intrusion in 221 millilitres. Given the frame rate, image resolution and meniscus detection the average 222 accuracy of volume estimate was ± 1.3 ml.
223
RESULTS
224
Figure 3 shows four examples of the transients created in the system across the 225 various conditions set out in Table 1 . The surrounding material is water in all cases. Each Where QO is the instantaneous intrusion flow rate, A0 the orifice area, HM is the 259 external meniscus head, HS the system head, and VI the intrusion volume.
260
If the coefficient of discharge, area and acceleration due to gravity are constant, then 
354
From Figure 4 and Table 2 it can be seen that for transients generated with the same 
386
It should be noted that the intrusion volumes reported and estimated here are worst 387 cases, no consideration is given to push-pull exchange through the orifice; it is simply 388 assumed that any volume that has been external to the pipe, even if only for a short period, is 389 a contamination risk. This work better informs the volume estimations integrated into QMRA 390 frameworks and hence enhances understanding of contamination risks.
391
CONCLUSIONS
392
The work presented here supports previous research providing physical evidence that 
